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Abstract 
MAX phases are a family of layered, hexagonal-structure ternary carbides or nitrides of 
a transitional metal and an A-group element. What makes this type of material fascinating 
and potentially useful is their remarkable combinations of metallic and ceramic 
characteristics; as well as the indispensable role in 'top-down' synthesis of their 2D 
counterparts, MXenes. To enhance the efficiency in the successful search for potential 
novel MAX phases, the main efforts could go toward creating an information-prediction 
system incorporating all MAX phases’ databases, as well as generally valid principles 
and the high-quality regularities. In this work, we employ structure mapping methodology, 
which has shown its merit of being useful guides in materials design, with Hume-Rothery 
parameters to provide guiding principles in the search of novel MAX phases. The 
formable/non-formable data on MAX phases can be ordered within a two-dimensional 
plot by using proposed expression of geometrical and electron concentration factors. 
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1. Introduction 
The Mn+1AXn (or MAX phases), as the most common precursors for MXenes, are 
layered machinable ternary carbides and nitrides; where “M” is an early transition metal, 
“A” is an A group element (mostly from groups 13 and 14), “X” is C and/or N, and n = 1 
to 3 [1-3]. During the past, this type of material have attracted considerable attention due 
to 1) their combination of both metallic and ceramic properties, 2) the ease by which one 
can modify their chemistry, while keeping the structures same, and 3) the discovery of 
both in- and out-of-plane ordered phases that opens the door to the discovery of many 
more [4-6]. Currently, 14 M-elements and 20 A-elements have been introduced into 
various end-member MAX phases, resulting more than 100 MAX compositions 
synthesized to date (shown in Figure 1). In order to explore novel MAX phases efficiently, 
ab initio calculations have been carried out either through calculating whether a 
compound is stable on an absolute scale, or showing that a given MAX phase is more 
stable than all other competing phases [3, 7-12]. The predictive power of these tools is 
evident; yet without time-consuming full DFT calculations, these analyses incapable to 
reveal any correlations or systematic behaviour [3, 7]. As a result, alternative strategies 
could be introduced in to develop general chemical design regularities with the hope to 
facilitate efficient exploration of a broad MAX phases design space.  
Structure mapping, a strategy for building classification schemes of homologous 
compounds from known structures database, has served as a guiding tool for finding 
stable phases in a bivariate way [13-15]. Through the choice of appropriate coordinates 
(i.e., the factors governing the stable crystal structures) based on the understandings of 
physical meaningful correlations between the empirical parameters and the formation 
phases, one can map clustering of the crystal structure-related data. As mentioned by 
Pettifor [13], this method has proven important as an initial guide for the search of new 
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compounds with a required structure type; and which compound might take a given 
structure type could be suggested. There is a long and distinguished tradition of such 
maps, several examples including the figures developed by Hume-Rothery [16], Mooser-
Pearson plots [17], Philips and van Vechten diagrams [18, 19], Zunger maps [20], Villars 
maps [21-23], Pettifor maps [24, 25] and others [26-33]. In this work, we aim to construct 
one single 2D structure map to identify the stability field that the Mn+1AXn phases could 
form; so that all of the MAX phases structure data could be ordered and eventually 
understood within a microscopic theory. The chemical scales are proposed to provide 
guiding principles in the search for new MAX phases. 
 
Figure 1   Elements introduced in various ternary MAX phases 
 
2. Exploration of the factors regulating MAX phases 
It is known that the compound formation, spatial arrangement of atoms, and bond 
constitution are determined by different groups of factors, namely the 1) geometrical 
factor; 2) electron concentration factor, 3) electrochemical factor, and 4) angular 
character of the s, p, and d valence orbitals [13, 34, 35]. The majority of structure mapping 
constructions are based on taking coordinates that reflect the most important physical 
factors determining the structural stability of the particular class of compounds under 
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consideration [17, 19-23, 26]. In principle, the classifications of the structures of 
homologous compounds have to take all of these factors into account; however, it makes 
the perfectly ordering within a single two-dimensional map challenge with the use of 
unique physical coordinates. This situation becomes more serious when faced with MAX 
phases, where the mixture of bonding characteristics complicates the cases. Considering 
the fact of these factors are not wholly independent with each other, and it is their 
interplay that determines the structural stability of compound phases. In this work, our 
goal is to borrow ideas from Hume-Rothery’s rules [36-39], which distinguished the 
factors that control alloying behaviour and influence compound formation over a span of 
some 100 years, to identify two most important factors for constructing a 2D structure 
map; in order to capture the dominant factors that control the formability of MAX phases, 
and then quantify key design variables for their experimental development. 
 
2.1 Determining the types of factors 
The electron concentration is the most prominent of Hume-Rothery parameters in 
alloy design, which possess intricate ways of electronic interactions among the 
constituent elements [40]. Referred in his classical monograph [3], Barsoum deemed the 
formability of MAX phases could be looked from the viewpoint of the average number 
of valence electrons, nval, for a given MAX phase. Taking this inspiration into 
consideration, the electron concentration factor is adopted as one coordinate in this work. 
However, the values for this factor differ from the ones mentioned by Barsoum; which 
are discussed in section 2.2. 
It is also known that the unit cell of MAX phase structures is composed of edge-
sharing M6X octahedra with A-site elements located at the centre of trigonal prisms; and 
the distortion of ideal trigonal prism induced by newly introduced A-site elements would 
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strongly affect the viability of these novel MAX phases. A parameter pr, given by Hug et 
al. [41], has been used to measure this type of distortion; which is determined by inter-
atomic distances between M-site and A-site elements, as well as between M-site elements. 
Based on above analysis, the size factor is chosen as the other coordinate. The expression 
and values of this factor are discussed within section 2.3. 
 
2.2 Determining the values of electron concentration factor 
There are two different values for defining the electron concentration of individual 
constituent elements [40]: one is an average number of itinerant electrons per atom 
(referred to e/a); while the other is the average number of total electrons, including d-
electrons accommodated in the valence band, which is valence electrons (referred to 
VEC). Both e/a and VEC play crucial roles for the chemical bonding of a solid; and the 
main difference is that the e/a is introduced as a concept defined mainly for metallic 
bonding, whereas the VEC is locally defined for strong chemical bonding [42, 43].  
In MAX phases, it is known that for M-X bonding, the p-d interaction between M-
site and X-site atoms are quite strong; and the hybridization between the M-site d orbitals 
and the X-site 2p orbitals lead to strong covalent bonds. While for M-A bonding, the 
interactions between the d electrons of the M atoms and p electrons of the A atoms are 
weaker than those between the M and X atoms; and A-site d electrons do not appear to 
play a role in bonding [3].  
Following above analysis, here we choose VEC for M-site and X-site elements; and 
choose e/a for A-site elements for calculating the electron concentration of MAX phases. 
The electron concentration of MAX phases can be calculated in Eqn. 1 as follow:  
Electron concentration = 
(   ) ∗    
 
 
 
 
∗   (   ) ∗  
        
                          Eqn. 1 
6 
 
Where (VEC)M represents valence electron values of M-site elements; 
 
 
 
 
 
represents itinerant electron values of A-site elements;  (VEC)X represents valence 
electron values of X-site elements; and nM, nA, nX represent atomic coefficients of M-, A- 
and X- site elements respectively. The values of valence electrons are collected from 
general inorganic chemistry textbook [44]; and the itinerant electrons are taken from 
Mizutani and Sato [42]. Table 1 listed the valence/itinerant electron values adopted for 
the elements used in this work. 
Table 1 The valence/itinerant electron values adopted in this work [42, 44] 
Elements 
Valence  
Electrons  
Elements 
Itinerant  
Electrons  
Elements 
Valence  
Electrons  
M A X 
Sc 3 Al 3.01 C 4 
Ti 4 Si 4.00 N 5 
V 5 P 4.97   
Cr 6 S** 6.00   
Mn 7 Mn 1.05   
Zr 4 Fe 1.05   
Nb 5 Co 1.03   
Mo 6 Ni 1.16   
Lu* 3 Cu 1.00   
Hf 4 Zn 2.04   
Ta 5 Ga 3.00   
  Ge 4.05   
  As 4.92   
 Pd 0.96   
  Ag 1.01   
  Cd 2.03   
In 3.03 
Sn 3.97 
Ir 1.60 
Pt 1.63 
Au 1.00 
Tl 3.03 
Pb 4.00 
* The value of 3 is used for Lu by considering follow the periodic trend 
** The work of Mizutani and Sato [42] does not record itinerant electrons for 
 sulphur, here the value of 6 is used for sulphur. 
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2.3 Determining the values of size factor 
As mentioned in section 2.1, the distortion of ideal trigonal prism induced by A-site 
elements could be measured by the parameter pr, which is determined by inter-atomic 
distances between M-site and A-site elements, as well as between M-site elements. In 
other words, the information about distortion could be described in terms of M/A sizes to 
a large extent. In Hume-Rothery’s rules, the atomic difference ratio of solvent and solute 
is adopted as size factor to characterize the geometrical mismatch between solvent and 
solute atoms. Borrowing the idea for the expression of size factor from this rule, the 
difference between the atomic radii of M-site elements and A-site elements divided by 
the radii of M-site elements is used as size factor in this work. The values can be 
calculated in Eqn. 2 as follow: 
Atomic difference ratio = 
|     |
  
                              Eqn. 2 
Where RM and RA represent atomic radii of M-site elements and A-site elements 
respectively. The values of atomic radii are taken from CRC Handbook [45]; and Table 
2 listed the atomic radius values adopted for the elements used in this work.  
Table 2 The atomic radius values adopted in this work (Unit: Å) [45] 
Elements 
Atomic  
Radius  
Elements 
Atomic  
Radius  
Elements 
Atomic  
Radius  
M A X 
Sc 1.59 Al 1.24 C 0.75 
Ti 1.48 Si 1.14 N 0.71 
V 1.44 P 1.09   
Cr 1.30 S 1.04   
Mn 1.29 Mn 1.29   
Zr 1.64 Fe 1.24   
Nb 1.56 Co 1.18   
Mo 1.46 Ni 1.17   
Lu 1.74 Cu 1.22   
Hf 1.64 Zn 1.20   
Ta 1.58 Ga 1.23   
  Ge 1.20   
  As 1.20   
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 Pd 1.30   
  Ag 1.36   
  Cd 1.40   
In 1.42 
Sn 1.40 
Ir 1.32 
Pt 1.30 
Au 1.30 
Tl 1.44 
Pb 1.45 
 
3. Results 
In order to construct structure maps, the data of formable and non-formable MAX 
phases have to be collected. In this work, the MAX phases that have been experimentally 
synthesized, rather than the viable ones screened by ab initio calculations, are collected 
from Sokol et al.[6] as formable phases; and the non-formable ones are recorded from 
Aryal et al. [10], which are screened based on elastic and thermodynamic stability by 
using ab initio calculations.  Here it worth noting that there are other works that studied 
the stabilities of MAX phases systematically, via showing a given phase is more stable 
than all other competing phases [46, 47]. This computing strategy brings a stricter 
criterion to screen possible MAX phases; and when done properly, could select MAX 
phases out showing excellent agreement with experimental observed ones [3]. However, 
there are several outliers exist within the proposed unformable ones (including Sc2InC, 
Nb2SC, Hf2SnN, Hf2SC, Cr2GeC, and Zr2AlC, all of which have been synthesized 
successfully), which would obstruct the distinct classification when introduced in. Further, 
novel preparation strategies have been developed within authors' group to synthesis MAX 
phases successfully via avoiding the reactions to form competitive phases [48-50]; and 
this is the reason why we treat formability, rather than the stability in this work. In contrast, 
the two criteria employed by Aryal et al. [10] are necessary but not sufficient conditions 
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for MAX phase formability; and the non-formable ones screened out by following these 
two criteria are the ones that would scarcely form. Here, we should reiterate that since the 
main goal of this study is to capture the principal factors that govern the formability of 
existing and potential MAX phases, we have to purposely employ the dataset with more 
confident judgements. 
 
3.1 The structure map construction from traditional 211-MAX phases 
We start our analysis for traditional MAX phases at first. The traditional MAX 
phases, whose A-site elements mainly from groups 13 and 14, are summarized by 
Barsoum in his 2013 monograph [3]; and several follow-up research works engaging 
comprehensive assessment of possible MAX phases focused their study within the scope 
of these elements in a combinatorial way [10, 46]. Due to most of the traditional MAX 
phases are 211 phases, the structure map is constructed from them through the calculated 
values of electron concentration factor and size factor from Eqn.1 and Eqn. 2 (shown in 
Figure 2). It is found that there exist two separable fields to which the formable/non-
formable MAX phases are belonging. From Figure 2, it can be seen that the chosen factors 
and their expressions (“electron concentration factor” and “size factor”) in this work has 
achieved a successful formability/non-formability separation of 211-MAX phases, only 
with a few exceptions; and the details will be discussed later. 
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Figure 2 The structure map constructed from traditional 211-MAX phases 
 
3.2 Apply the constructed structure map to traditional 312- and 413- MAX phases 
In the next trail, the constructed structure map is further applied to traditional 312-
MAX phases and 413-MAX phases; for examining whether the constructed structure map 
is the one that could unify the formability/non-formability separation of all traditional 
MAX phases (shown in Figure 3 (a) and (b) respectively). The results show that the same 
structure map has capability to locate formable/non-formable 312-MAX and 413-MAX 
phases into separated fields; which means one single structure map has the capability to 
classify the formability/non-formability for the whole family of traditional Mn+1AXn (n = 
1 to 3) phases. In other words, the formable domain for whole family of traditional MAX 
phases are framed by the boundaries defined from electron concentration and M/A size 
difference. 
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 (a) 
 
 (b) 
Figure 3 The constructed structure map applied to (a) traditional 312-MAX phases; 
(b) traditional 413-MAX phases 
 
3.3 Test the constructed structure map by newly reported MAX phases 
Currently, M/A-site elements replacement in traditional MAX phases by later 
transition-metals is becoming a buzzing field [48-55]; which opens a door to explore new 
types of MAX phases that beyond the range of elements mentioned by Barsoum [3]. The 
quest for generality raises the requirement of validating the developed structure map by 
using these newly reported novel MAX phases, where the A-site elements have been 
extended to include Zn, Cu, Au, Ga;  and Mn is introduced in as the M-site element. The 
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validation results are shown in Figure 4 (a) and (b). It is found that all the newly reported 
novel MAX phases, except Mn2GaC, are located within the stability field; which show 
the generality of the constructed structure map that can be extended to a broad family of 
Mn+1AXn phases. 
 
(a) 
 
(b) 
Figure 4  The constructed structure map further applied to (a) newly reported 211-
MAX phases; (b) newly reported 312-MAX phases 
 
3.4 Employ the constructed structure map to explore potential MAX phases 
In order to guide future experimental development of MAX-phases, the developed 
structure map is employed to predict several potential MAX phases (shown in Figure 5). 
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We propose these marked potential 211-MAX phases could be discovered in future, 
several of which have been successfully synthesized [53, 56-59]. 
 
Figure 5  The prediction of future possible 211-MAX phases from the constructed 
structure map 
 
4. Discussion 
4.1 The validity of electron concentration and size factor expression 
From the results shown for  MAX phases formable/non-formable separation (shown 
in from Figure 2 to Figure 4), the electron concentration factor seems to play an important 
role in determining the MAX phases formability; which indicates the consistence of  its 
choice with the standpoint raised by Barsoum [3], as well as the feasibility of its 
expression. 
For the size factor, we choose the difference between atomic radii of M-site elements 
and A-site elements divided by radii of M-site elements as its expression. However, the 
atomic radii in compounding state are not precisely defined [40, 60]; and are affected by 
coordination number, oxidation state, or type of ligand [45]. For 312- and 413- MAX 
phases, there exist two different locations for M atoms; and allocating a single atomic 
diameter for each M-site element, independent of its respective environment, and 
neighbour atoms is too simplistic an approach. Further, in this work we only take the 
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atomic size of M-site and A-site elements into consideration; without the ones of X-site 
elements. The formation of M-X block also plays role to the MAX phases formability. 
 
4.2 The contribution of other factors 
It has been mentioned that the structural stability is determined by four different 
groups. In this work, we have chosen electron concentration factor and size factor as 
controlling parameters to map associations of MAX phase structures to their 
compositions. Whereas the results show the feasibility of this choice, other factors can be 
introduced in to fully describe the MAX phases. For example, the electronegativity χ is a 
key feature in the description of the electronic interactions; and employing this parameter 
is proposed to enhance the description of covalent bonding characteristics within MAX 
phases. 
 
4.3 The MAX phases with elements of high electron concentration 
It is found that several of the synthesized Cr- and Mn- containing phases locate 
within the non-formable zone. This abnormality, connecting to high electron 
concentration of Cr and Mn, has been discussed in detail by Barsoum; where some of Cr-
containing MAX phases (e.g. Cr2GeC, Cr2AlC) have been referred as anomalous or 
borderline-stable compounds [3]. 
However, it has to be pointed out that the size factor plays a role in confronting the 
destabilizing effect of electron concentration factor, when taking Mo- containing MAX 
phases as examples. The formability/non-formability of Mo- containing MAX phases are 
clearly separated; and the formation of Mo2GaC can be attributed to the size difference 
between Mo and Ga. 
 
15 
 
4. Conclusion 
As one type of heterodesmic compounds, metallic, covalent and/or ionic interactions 
are present to a differing extent within MAX phases. To get a full description of crystal 
structures for it, regarding its chemical bonding and stability, the Schrӧdinger equations 
have to be solved. This strategy plays an important role in determining given compounds; 
still, the fact of computationally intensive characteristics limits the rate of potential new 
MAX phases investigation. In this work, we have shown the role that phenomenological 
structure map could take part in the search for future MAX phases via developing a 
classification scheme for MAX phases formability/non-formability separation. This 
compounding effect of size factor and electron concentration factor implicit within the 
constructed structure map could be utilized to guide the novel MAX phases design, either 
through M-site and A-site replacement, or via solid solution. 
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